The purpose of this investigation was to determine if stereotypical patterns of gait initiation are altered in those with posttraumatic ankle osteoarthritis. Ten subjects, five with unilateral ankle osteoarthritis and five uninjured controls, participated. Subjects completed the SF-36 and Ankle Osteoarthritis Scale to quantify self-reported disability as well as 10 dual-limb static stance trials and 10 gait initiation trials with each leg. Center of pressure outcomes were calculated for static balance trials while the peak center of pressure excursions were calculated for each phase of gait initiation. The results indicate greater self-reported disability (P < .05) and worse static postural control (P < .05) in the ankle osteoarthritis group. Nonstereotypical patterns were also observed during the first and third phases of gait initiation in those with ankle osteoarthritis. The results of this pilot study suggest that supraspinal motor control mechanisms may have changed in those with posttraumatic ankle osteoarthritis.
About 15% of the world's adult population is affected by osteoarthritis and about 60% of the United States population over the age of 65 is affected. 1 The prevalence of ankle osteoarthritis has been estimated at about 1% of the world's population but research has demonstrated that the diagnosis of ankle osteoarthritis is becoming more common. 2 The primary etiologies include primary, systemic (eg, rheumatoid arthritis), and posttraumatic arthritis, [2] [3] [4] [5] [6] with the third of these being the most common cause and accounting for more than 70% of all ankle osteoarthritis cases. 2, 6 Both ankle-related fractures (eg, pilon and malleolar) 7 and the ligamentous lesions associated with chronic ankle instability (a negative sequela of a lateral ankle sprain) [3] [4] [5] [6] have been associated with the development of posttraumatic ankle osteoarthritis. Most importantly, ankle osteoarthritis patients are, on average, 10 years younger than hip and knee OA patients 2, 8 with an average onset age of 58 years. 9 Despite our knowledge of the underlying etiology, there are no effective nonsurgical treatments for posttraumatic ankle osteoarthritis, forcing patients and clinicians to simply manage pain until a surgical intervention is performed. Further, the number of ankle replacement procedures are anticipated to increase at a rate of about 5% per year, 10 making the development of effective nonsurgical interventions particularly important. For such interventions to be developed, a complete understanding of the alterations present and the mechanisms of identified alterations in those with posttraumatic ankle osteoarthritis is needed.
To date, research has clearly demonstrated large amounts of subjective disability (ie, decreases in quality of life). However, the list of mechanical/structural alterations as well as sensorimotor impairments (eg, static balance impairments, gait alterations) [11] [12] [13] [14] [15] continues to grow. These sensorimotor adaptations suggest that spinal-level motor control mechanisms are altered in those with posttraumatic ankle osteoarthritis. Similar sensorimotor adaptations have also been reported in those with acute lateral ankle sprains, 16 ankle-related fractures, 17 and chronic ankle instability, 16 which are all precursors to posttraumatic ankle osteoarthritis. This suggests that these sensorimotor adaptations are not caused by posttraumatic ankle osteoarthritis. However, the mere presence of these sensorimotor adaptations suggests that they may be a point to intervene therapeutically in this population.
It is also possible that supraspinal motor control mechanisms have also changed. Supraspinal motor control mechanisms are the processes by which the coordination of movement is determined via the areas of the central nervous system. Research has shown that behavioral changes (ie, alterations in stereotypical gait initiation patterns) are present in those with chronic ankle instability 18, 19 and hypothesizes that the observed nonstereotypical gait initiation patterns represent supraspinal motor control mechanism changes. Determining if similar behavioral patterns are present in those with posttraumatic ankle osteoarthritis is important because most ankle joint pathologies and their sequelae are treated as local injuries. However, alterations in supraspinal motor control mechanisms would support the use of global intervention programs (eg, balance training) to treat not only local symptoms (eg, ankle joint stiffness), but also the central changes present in those with posttraumatic ankle osteoarthritis.
To determine if individuals with posttraumatic ankle osteoarthritis have behavioral patterns suggestive of supraspinal alterations, we propose the use of a gait initiation model. A gait initiation model is appropriate for a pilot investigation because it is noninvasive and the anticipatory postural adjustments made during the preparatory phase are proposed to be modulated by the supplementary motor area [20] [21] [22] while the stepping phase of gait initiation is proposed to be modulated by the primary motor cortex. 21, 22 Inefficient anticipatory postural adjustments, illustrated by decreased center of pressure displacement and velocity has been observed in patients with neurological disorders 23, 24 and those with chronic ankle instability. 19 Therefore, the purpose of this pilot investigation was to determine if stereotypical patterns of gait initiation are altered in those with posttraumatic ankle osteoarthritis relative to age-matched controls. The secondary aims of the investigation were to quantify the self-reported disability and static postural control deficits associated with posttraumatic ankle osteoarthritis to better generalize the results to the reported literature. Based on the existing literature, we hypothesized that individuals with posttraumatic ankle osteoarthritis would have greater self-assessed disability, worse static postural control, and altered stereotypical gait initiation patterns relative to age-matched controls.
Methods Experimental Design and Subjects
A single session, mixed model design was used to determine if stereotypical gait initiation patterns were altered in those with posttraumatic ankle osteoarthritis in this pilot study. A total of 10 subjects-five with posttraumatic ankle osteoarthritis (63.4 ± 11.3 y, 175.8 ± 12.0 cm, 84.0 ± 8.9 kg) and five uninjured controls (60.0 ± 3.0 y, 168.6 ± 5.2 cm, 78.4 ± 12.2 kg)-participated in this investigation. All patients with ankle osteoarthritis were diagnosed with unilateral posttraumatic ankle osteoarthritis by an orthopedic surgeon. 11 The underlying etiology of the subject's osteoarthritis was a previous history of either ligamentous injury (n = 3) at the ankle or previous history of ankle joint fracture (n = 2). 11 Subjects in both groups were excluded if they had a previous history of lower-extremity fracture (except at the ankle), rheumatoid arthritis, diabetes, neuropathies, vestibular, proprioceptive or eye disorders, chronic narcotic use, and/or gout. 11 Healthy control subjects could have no significant history of lower-extremity injury. 11 All subjects read and signed the informed consent form, approved by both a medical center and university IRB before participating.
Procedures
Testing was completed in the Biodynamics Research Laboratory at the University of North Carolina at Charlotte where subjective levels of disability, static balance, and gait initiation were taken on all subjects. Before data collection, demographic and anthropometric measurements were taken. All patients first completed two self-report outcome scales: the Short Form-36 Medical Outcomes Study and the Ankle Osteoarthritis Scale. The Short Form-36 is a 36-item generic health outcomes scale that enables patient population comparisons and the determination of intervention program efficacy. 8 Further, lower scores are associated with worse outcomes and/or greater limitations. The overall Short Form-36 as well as the eight subscale scores are all reported as a percentage of the total possible points available for each scale/ subscale. The subscales calculated include the following: Physical Functioning, Limitations to Physical Health, Limitations to Emotional Health, Fatigue, Emotional Well Being, Social Functioning, Pain, and General Health. The Ankle Osteoarthritis Scale consists of two nine-item subscales (pain, disability) that have been demonstrated to be reliable (r = .97) and valid instruments for ankle osteoarthritis patients. 25 Subjects completed these subscales by placing a mark along a 100-mm horizontal line to depict their level of pain or disability for each of the listed items. The sums of the responses for each subscale represent the subscales' total score while the sum of the two subscale scores represents the overall score. 25 Next, ten, 30-s trials of dual-limb stance were performed consecutively without rest between trials. In other words, subjects maintain a dual-limb stance for 5 min while postural control data were collected in 30 s segments. All subjects stood barefoot on a force plate with their eyes open, their hands on their hips and looking straight ahead at a designated mark on the wall. Dual-limb stance was performed, as opposed to singlelimb stance, because of reports indicating that those with posttraumatic ankle osteoarthritis could not maintain a single-limb stance for a period of 20 s. 11 Raw ground reaction force data were collected (1,000 Hz) using a Bertec triaxial force plate (Type NC4060-10, Bertec Corp., Columbus, OH). Raw data were filtered with a fourthorder zero lag, low-pass filter with a cutoff frequency of 5 Hz. The chosen outcome measures were average sway in the anteroposterior and mediolateral directions as well as the anteroposterior, mediolateral, and resultant center of pressure excursion. Average sway was defined as the mean distance between the instantaneous and average center of pressure during the 30-s trials. 26 Given that the static stance task trials were all the same duration, the directional and resultant center of pressure excursion is analogous to the average directional and resultant center of pressure velocity (excursion divided by time).
The final task for all subjects was gait initiation. All gait initiation trials were performed along a 3 m walkway surrounded by an 8 camera optical motion capture system (Vicon Peak, Lake Forrest CA). Ground reaction forces were collected at 1000 Hz using a single force platform (Bertec Corporation, Columbus, Ohio) mounted flush with the surrounding floor. Once orientated, subjects were instructed on and familiarized with the gait initiation protocol and allowed to practice. For test trials, participants started by standing quietly with both feet on the force platforms in a relaxed position. Stance width was self-selected and marked before the first trial so that the same stance width would be used during all subsequent gait initiation trials. In response to an auditory cue, participants began walking and continued along the length of the walkway. 19 The auditory cue triggered an electronic event marker that identified the beginning of the trial. For each participant 20 trials were performed at a self-selected pace, 10 for the right limb and 10 for the left limb.
For each gait initiation trial, the center of pressure trace was divided into 3 phases by identifying 2 landmark events as previously reported. 19, 23, 24 The first phase is initiated with the electronic event from the auditory cue and ends when the center of pressure trace is located in its most posterolateral position toward the initial stepping foot. This posterolateral position is considered landmark-1. The second phase represents the movement of the center of pressure toward the initial stance foot and ends when the center of pressure trace reaches landmark-2; the point under the initial stance foot when the center of pressure begins to move forward. The third phase begins at landmark-2 and continues until toe-off of the initial stance foot which occurs as the center of pressure translates forward. During each of these three sections the peak center of pressure excursions in the anteroposterior and mediolateral directions as well as the peak resultant center of pressure excursions were calculated. 19 Because stance width was not different between groups (Osteoarthritis: 23.80 ± 8.17 cm, Control: 23.78 ± 8.16 cm; P = .997), the ten trial average of the raw data was used for further analysis as opposed to normalizing the data to stance width as previously done. 19 
Statistical Analysis
Group demographics were compared with independent sample t tests. Similarly, self-reported levels of function and static postural control were submitted to independent sample t tests to determine the effect of group. Separate 2 × 2 (Group × Limb) multivariate analysis of variances were used to assess the effect of each factor and the interaction of the factors on center of pressure trace dependent variables during each phase of gait initiation. For this investigation, the dominant limb of age matched controls, defined as the limb the subject would use to kick a ball, served as their involved limb while the nondominant limb of age matched controls served as their uninvolved limb for statistical analyses. 19 A traditional level of significance (α =0.05) was used on all statistical tests and Bonferroni post hoc analyses were performed when necessary.
Results
No significant differences were noted between subjects with posttraumatic ankle osteoarthritis and age matched controls with regards to their age (P = .535), height (P = .257), or weight (P = .421). Multiple measures of selfreported function were significantly lower in those with posttraumatic ankle osteoarthritis relative to the control group on both the Short Form-36 and Ankle Osteoarthritis Scale (Table 1) . Similarly, average anteroposterior sway [t 8 = -2.62, P = .031] and average mediolateral sway [t 8 = -2.38, P = .045] were found to be statistically worse in the posttraumatic ankle osteoarthritis group relative to the control group (Figure 1) . However, group differences were not identified for anteroposterior center of pressure excursion Figure 1 . During the first phase of gait initiation a significant Group main effect was identified for the anteroposterior [F(1,16) = 6.9, P = .018], mediolateral [F(1,16) = 4.9, P = .041], and resultant [F(1,16) = 5.7, P = .030] center of pressure displacements (Table 2) . Specifically, subjects with posttraumatic ankle osteoarthritis had a reduced magnitude of the posterolateral shift regardless of the role (stepping, stance) of the involved limb as illustrated in the representative trace in Figure 2 . However, no Limb main effects (P > .05) or Group × Limb interactions (P > .05) were identified during the 1st phase of gait initiation. During the 2nd phase of gait initiation (Table 2) , no Group × Limb interaction (P > .05), Group (P > .05) or Limb (P > .05) main effects were revealed. However, during the 3rd phase of gait initiation (Table 2 ), a significant Group main effect was found for the mediolateral center of pressure displacement [F(1,16) = 6.6, P = .021] but not for anteroposterior (P > .05) or resultant (P > .05) center of pressure displacement. The Group main effect indicates that the posttraumatic ankle osteoarthritis group had decreased mediolateral center of pressure displacement. However, no Limb main effect (P > .05) or Group × Limb interaction (P > .05) was noted for the 3rd phase of gait initiation.
Discussion
Previously, static postural control impairments (ie, plantar pressure distributions and center of pressure displacements) 11, 14 as well as alterations in the spatiotemporal parameters of walking gait (ie, velocity, cadence, stride length) have been shown in those with posttraumatic ankle osteoarthritis. 12, 13 However, it remained unclear if supraspinal motor control mechanisms were also altered in this population. The presence of such changes would provide valuable information for clinicians when developing and implementing effective nonsurgical therapeutic interventions for those with posttraumatic ankle osteoarthritis. The primary finding of this pilot investigation was the decreased center of pressure excursion magnitudes during the 1st and 3rd phases of gait initiation in those with posttraumatic ankle osteoarthritis, which supports the a priori hypothesis. The secondary findings of this pilot investigation illustrate that those with posttraumatic ankle osteoarthritis have an increased level of self-reported disability and static postural control impairments relative to age matched controls. These findings are consistent with the existing posttraumatic ankle osteoarthritis literature [11] [12] [13] [14] [15] and support our initial hypotheses.
Before gait is initiated, several anticipatory postural adjustments occur and shift the center of pressure in a posterolateral direction (1st phase) (Figure 2 ). This shift enlarges the distance through which greater momentum can be generated; thus representing the body's efforts to generate enough forward (posterior shift) and lateral (lateral shift) momentum to propel the center of mass toward the initial stance limb which are required to initiate forward gait. 27 Age and disability naturally reduce the magnitude of the 1st phase posterior shift. 23, 24, 27 As a result, the elderly and disabled are hypothesized to purposefully limit their center of pressure excursions 28 to minimize the postural challenges experienced during gait initiation and their risk of falls. 28 The posttraumatic ankle osteoarthritis sample tested in this pilot study illustrated a similar nonstereotypical gait initiation pattern as evidenced by declines in both the posterior and lateral center of pressure shift during the 1st phase of gait initiation relative to age matched controls. The current posttraumatic ankle osteoarthritis sample also demonstrated a nonstereotypical gait initiation pattern relative to a sample of healthy individuals of a similar age previously reported in the literature. Specifically, Halliday et al 29 reported posterior center of pressure excursions 19 have demonstrated that individuals with chronic ankle instability (a precursor to posttraumatic ankle osteoarthritis) demonstrate nonstereotypical behavior in gait termination and gait initiation respectively. Hass et al 19 noted that those with chronic ankle instability had reduced center of pressure excursion magnitudes during gait initiation relative to age matched uninjured controls. Because of the known static postural control deficits in those with chronic ankle instability, [30] [31] [32] Hass et al 19 hypothesized the reduced center of pressure excursions were an attempt to preserve postural stability while transitioning from a double to single limb stance. Given the established link between chronic ankle instability and posttraumatic ankle osteoarthritis, it is not surprising that those with posttraumatic ankle osteoarthritis demonstrate a similar nonstereotypical gait initiation pattern. Further, given the evidence of postural instability in those with posttraumatic ankle osteoarthritis both in the current sample and in previous investigations, 11, 14 it is reasonable to hypothesize that the rationale for the reduced center of pressure magnitude excursions is to preserve postural stability.
While the current findings suggest that supraspinal motor control mechanisms, the underlying mechanism of the observed sensorimotor alterations remains unclear. It is possible, that the mechanism is simply the pain present in those with ankle osteoarthritis. Pain is one of the most common and severe symptoms of ankle osteoarthritis and experimentally induced calf and thigh muscle pain has been shown to negatively impact postural control outcomes. 33, 34 Patients with neck pain disorders have also been shown to have altered postural control and gait parameters. 35 Thus, the pain associated with ankle osteoarthritis may have impaired the stereotypical timing and amplitude of muscle inhibition and facilitation during quite stance and gait initiation resulting in impaired sensorimotor function. 36 The underlying mechanism has also been hypothesized to be the cumulative effect of multiple adaptations (eg, ligament laxity, deafferentation) after the initial lateral ankle sprain. These adaptations then initiate a cascade of events that ultimately result in the development of chronic ankle instability and posttraumatic ankle osteoarthritis. 37 Similar perceived, sensorimotor, and mechanical impairments across the continuum of lateral ankle sprain sequelae appear to support this hypotheis. [11] [12] [13] [14] It is also possible that these hypotheses are not mutually exclusive but rather interact in a variety of feed-back loops that only degrade joint structure and sensorimotor function over time.
While we believe that the results of this pilot investigation are important, this study was not without limitations. We are inferring that alterations in the behavioral performance during gait initiation are reflective of changes in supraspinal motor control mechanisms. 19 The sample size, while intentionally small due to the preliminary nature of this investigation was also a limitation. The presence of pain, albeit minimal, in the current sample of posttraumatic ankle osteoarthritis patients may have influenced the observed sensorimotor results. Finally, the research design of this pilot study makes it impossible to determine if the development of posttraumatic ankle osteoarthritis caused alterations in supraspinal motor control mechanisms. However, determining causality was not the purpose of this investigation. Rather, the purpose was to determine if nonstereotypical gait initiation patterns were present in those with posttraumatic ankle osteoarthritis to better understand the range of alterations and deficits that nonsurgical therapeutic interventions need to focus on. To address these limitations, future studies need to (1) use larger sample sizes, (2) elucidate the influence of pain on gait initiation patterns, and (3) use direct measures of supraspinal motor control mechanisms such as transcranial magnetic stimulation or electroencephalography.
In summary, the results of this pilot study indicate that those with posttraumatic ankle osteoarthritis have increased self-reported disability and postural control deficits relative to age matched controls. Further, the nonstereotypical gait initiation patterns were observed in those with posttraumatic ankle osteoarthritis suggest that supraspinal motor control mechanisms may have changed. These data, in combination with the existing literature, suggest that nonsurgical therapeutic interventions for those with posttraumatic ankle osteoarthritis should not only address the local symptoms (eg, pain and joint stiffness) but also the possible global changes in sensorimotor function.
